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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Rotating bending fatigue (RBF) tests were conducted on a high-carbon steel 100CrMnMoSi8 (martensite and bainite), and a 
tough-tempered medium-carbon steel 50CrMo4. The specimens were surface-finished to different c nditions: polished surface 
and ground surface with a range of roughness levels. The experimental results indicate that the hardened high-carbon steel 
specimens with rough surface failed predominantly by surface crack initiation, whereas the fatigue fracture of the specimens with 
smoother surface tend to fail by subsurface crack initiation from non-metallic inclusions. Moreover, the fatigue strength of the 
martensitic specimen is lower than that of the bainitic specimen in the low stress-cycle range in which failure is dominated by 
surface initiated fatigue fracture, whereas this difference diminishes in the high-cycle fatigue regime where subsurface initiated 
fatigue prevails. The non-hardened medium-carbon steel samples, however, fail only by surface crack initiation, and the fatigue 
strength is much less sensitive to surface roughness. A unified model is developed to predict the fatigue strength of the tested 
samples with different microstructures and surface finish.  
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1. Introduction 
Mechanical compone ts contain inevitably defects which, depending on their type and size, may have significant 
effects on the fatigue strength. Defect sensitivity varies from material to material, and depends on the microstructure. 
The present study focuses on a specific type of defects, i.e. surface roughness typical for machined parts with or 
without surface finishing. 
 
 
* Corresponding author. Tel.: +31 30 6075342 
E-mail address: Junbiao.Lai|@skf.com 
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Effects of microstructure and surface roughness on the fatigue 
strength of high-strength steels 
Junbiao Laia,*, Hanzheng Huanga, Wijbe Buisinga 
aSKF Engineering & Research Centre, P.O. Box 2350, 3430 DT, Nieuwegein, The Netherlands 
Abstract 
Rotating bending fatigue (RBF) tests were conducted on a high-carbon steel 100CrMnMoSi8 (martensite and bainite), and a 
tough-tempered medium-carbon steel 50CrM 4. Th  specimens were surfac -finished to different conditions: polished surface 
and ground surfac  with  range of roughness lev l . The xperimental results indicate that the har ened high-carbon steel 
specimens with rough surf ce failed predominantly by surface crack initiation, whereas the fatigue fractur  of the spe ime s with 
mooth r surface tend to fail by subsurface crack initiation from no -metallic inclusions. Moreover, the fatigue strength of the 
martensitic spe im  is lower than that of the bainitic specimen i  the low stress-cycle range in whic  failure is dominated by 
surface initiat d fatigue fracture, whereas this difference diminishes in the high-cy le fatigue regime where subsurface initiated 
fatigu  prev ils. The non-hardened medium-carbon steel sa ples, howev r, fail only by surfac  crack initiation, and the fatigue 
strength is much less se sitive to surface roughness. A unified model is developed to predict the fatigue stre gth of the tested 
amples with different microstructures nd surface finish.  
© 2016 The Authors. Published by El evier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21. 
Keywords: Microstructure; High-strength steel; Surface finish; Surface roughness; Fatigue strength; Rotating bending fatigue 
1. Introduction 
Mechanical components contain inevitably defects which, depending on their type and size, may have significant 
effects on the fatigu  strength. Defect sensitivity varies fr m material to material, and depends on the microstructure.
Th  present study focuses on a specific type of def cts, i.e. surface roughness typical for machined part  with or
without urface finishing. 
 
 
* Corresponding author. Tel.: +31 30 6075342 
E-mail address: Junbiao.Lai|@skf.com 
Copyright © 2016 The Authors. Publishe  by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/lice ses/by-nc-nd/4.0/).
Peer-r view under responsibility of the Scientific Committee of ECF21.
1214 Junbiao Lai et al. / Procedia Structural Integrity 2 (2016) 1213–12202 Author name / Structural Integrity Procedia  00 (2016) 000–000 
A common approach adopted in the engineering guidelines and some fatigue analysis software packages to 
account for the surface roughness effects is to adjust fatigue strength or endurance limit by a surface modification 
factor, in a manner of the Marin factors proposed by Marin (1926). Noll and Lipson (1946) compiled the surface 
modification factors for materials of certain hardness range and several surface conditions. These empirical factors 
are still widely used in fatigue analysis and design. There has also been effort to relate the surface modification 
factor to the stress concentration arising from the rough surface, such as the work by Arola and Williams (2002) and 
Deng et al. (2009). Murakami (2002) treated surface roughness as surface defect and incorporated the effect in the 
fatigue limit model. A literature review on various approaches was made by McKelvey and Fatemi (2012).  
The use of the surface modification factor is sometimes inadequate, especially when fatigue life prediction is 
required.  This is because fatigue strength reduction factor at finite life could be different from the reduction factor 
with respect to the endurance limit. 
This paper presents an experimental study of the surface roughness effects on the fatigue strengths of steels of 
different microstructures and a unified model to predict the S-N property that is influenced by the mechanical 
properties resulting from material microstructure and surface roughness of the parts. 
2. Experiment 
2.1. Materials and microstructure 
The present study focuses on the fatigue behavior of two high-strength steel grades, 100CrMnMoSi8 and 
50CrMo4, the chemical composition of which are given in Table 1. The 100CrMnMoSi8 specimens were taken 
from a forged washer blank which was supplied in soft annealed condition. Two types of heat treatment, namely, 
bainitic and martensitic hardening, were applied to the test samples. The bainitic hardening involves salt-bath 
quenching from 885 °C followed by isothermal transformation at 235 °C for 14 h. The martensitic hardening 
includes oil-quenching from 870 °C and tempering at 160 °C. The bainitic hardening results in a microstructure 
shown in Fig. 1a, with hardness of 700 HV. The martensitic hardened and tempered specimens, with a 
microstructure shown in Fig. 1b, are harder (780 HV) than the bainitic samples.  
Table 1. Chemical composition (wt %) of the two steel grades  
Steel C Si Mn Cr Mo Ni Cu Fe 
100CrMnMoSi8 0.91 0.21 0.81 1.86 0.59 0.18 0.19 balance 
50CrMo4 0.56 0.29 0.53 1.14 0.21 0.18 0.13 balance 
The 50CrMo4 specimens were taken from the core of a surface induction hardened ring segment. The material 
exhibits a tough tempered microstructure, as shown in Fig. 1c. The hardness of the samples is about 270 HV. No 
hardening was applied to the 50CrMo4 samples. 
 
 
Fig. 1. Material microstructure: (a) 100CrMnMoSi8 bainite; (b) 100CrMnMoSi8 martensite; (c) Tough tempered 50CrMo4. 
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2.2. Specimen and RBF test 
The geometry of the rotating bending fatigue (RBF) test specimen is shown in Fig. 2a. After heat treatments, all 
100CrMnMoSi8 specimens were polished in longitudinal direction. Three rough surface conditions were produced 
at the gage section by additional circumferential polishing with emery paper. According to the target surface 
roughness value, the specimens are classified into four groups referred to as Polished, Rough1, Rough2, and 
Rough3, respectively. Table 2 gives the mean values of roughness in terms of arithmetic average roughness Ra. Fig. 
2b shows an example of the Rough2 specimen. The soft 50CrMo4 specimens were longitudinally polished, half of 
which were further circumferentially ground to a roughness level labeled as Rough4 (see Table 2). 
 
 
Fig. 2. Test sample: (a) Geometry; (b) Surface profile of a Rough2 specimen. 
RBF tests were carried out on the Schenck “Rotary Bending Machines PUP (Simplex)” test rigs operating at a 
frequency of 2950 revolutions/min. The test was suspended at 5×107 stress cycles if no failure occurred. The 
fracture surfaces of failed specimens were examined using the optical microscopy (OM) and the scanning electron 
microscope (SEM).  
Table 2. Mean values of surface roughness for the five surface finish groups 
 Polished Rough1 Rough2 Rough3 Rough4 
Ra  [m] 0.07 0.32 0.85 1.16 2.1 
 
2.3. Test results 
Failure of the 100CrmoMnSi8 specimens can be attributed to three different mechanisms: surface initiation, 
surface initiation at inclusion, and subsurface initiation at inclusion – fisheye. There seems to be no distinction 
between the bainitic and martensitic samples with regard to the failure mode. For polished samples, the failure mode 
is dominated by subsurface fatigue crack initiation at inclusion – characterized by fisheye, and fracture occurs at 
relatively low stress amplitudes and high stress cycles. Surface initiated fracture occurs only at high stresses and low 
stress cycles (below 1×105 cycles). These characteristics for hardened materials have been extensively investigated 
and reported in the literature (see e.g. Sakai et al. (2000)). For the specimens with rough surfaces, however, the 
failure mode tends to be dominated by surface fatigue initiation. Fig. 3a shows the fracture surface of a bainitic 
Rough2 specimen, on which multiple surface initiated cracks are clearly visible. Close-up pictures of the surface 
initiated cracks are shown in Figs. 3b and 3c. The surface crack shown in Fig. 3c is somewhat below the main 
fracture plane, suggesting that fracture was caused by another crack. Also can be seen from Fig 3.c are three other 
surface cracks below the fracture surface. Subsurface initiated fracture may also occur to the rough-surface samples, 
but at low stresses and high stress cycles, such as one shown in Fig. 3d. 
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Fig. 3. Fracture surfaces of the 100CrMnMoSi8 bainitic specimens. (a). Multiple surface initiation sites (indicated by arrows), visible under the 
optical microscopy picture of the fracture surface of a Rough2 sample fractured after 10,400 cycles under 1100 MPa; (b) SEM picture of a 
surface initiated crack in Rough2 sample fractured after 9,100 cycles under 1100 MPa; (c) SEM picture of surface initiated crack (crack front 
indicated by broken line) in Rough1 sample fractured after 4,600 cycles under 1400 MPa; This crack is of some distance below the main fracture 
surface; Indicated by arrows are three cracks visible on the surface of the specimen; (d) SEM picture of a fisheye on the fracture surface of a 
rough2 sample fractured after 985,300 cycles under 700 MPa. 
 
Fig. 4. Fracture surfaces and cracks (indicated by arrows) in the 50CrMo4 samples. (a). Multiple surface initiation sites of a Rough4 sample 
fractured after 8,400 cycles under 600 MPa; (b). A close-up picture of one of the cracks indicated in (a). (c). Multiple cracks on the sample 
surface. (d) Cracks below the fracture surface, appearing on a longitudinal section. 
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Fracture of the 50CrMo4 specimens is predominantly caused by surface crack initiation, as shown by Fig. 4a and 
4b, though inclusions are occasionally found on the fracture surfaces. The ridges at the surface cracks (Fig. 4a) are 
again evidences of multiple surface initiated cracks that had developed on different planes. The fractography shown 
in Fig.4a indicates that facture of the 50CrMo4 specimens was a result of propagation and coalescence of multiple 
cracks. This is in marked contrast to the hardened 100CrMnMoSi8 specimens for which final fracture was caused by 
one dominant crack that developed to a critical size, as one shown by Fig. 3b, although multiple cracks did develop 
in the hardened samples. Cracks can also be seen on the surface of the rough-surface specimens, as shown by Fig. 4c 
and 4d. Fig. 4c shows that a crack just below the fracture surface exhibits blunted crack tip, resulting from 
significant plastic deformation of the material in this region. 
 
 
Fig. 5. Plots of S-N data measured from RBF tests, in which surface initiated failure is denoted as “Surface” and represented by an empty marker, 
while subsurface initiated failure is denoted as “Fisheye” and represented by a filled marker. (a) Polished martensitic and bainitic 
100CrMnMoSi8 samples; (b) Bainitc 100CrMnMoSi8 samples with polished and roughened surfaces; (c) Martensitic 100CrMnMoSi8 samples 
with polished and roughened surfaces; (d) Tough tempered 50CrMo4 samples with polished and roughened surfaces.  
The S-N data obtained from RBF tests is presented in Fig.5. In order to see the difference between bainite and 
martensite of the 100CrMnMoSi6 steel with regard to the fatigue strength, the S-N data of polished samples of both 
microstructures is included in one plot (Fig. 5a). It can be seen that in the low cycle fatigue (LCF) regime (below 
1×105 cycles) where failure is governed by surface crack initiation, the bainitic structure has higher fatigue strength 
than the martenstic structure. However, such difference diminishes in the high cycle fatigue (HCF) regime where 
failure is dominated by subsurface initiated fatigue at inclusions. Fig. 5b shows that the S-N data of the 
100CrMnMoSi8 bainitic specimens with different surface finish conditions. It is clearly demonstrated by Fig 5b that 
increase of surface roughness results in reduction of fatigue strength. A similar trend (see Fig. 5c) is observed for the 
martensitic specimens. For both microstructures, reduction of fatigue strength of the rough-surface specimens occurs 
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in the LCF regime where failure mode is governed by the development of surface cracks. The effect of rough 
surface on the HCF due to subsurface inclusions is small, unless an inclusion is near the surface. 
The characteristics of the so-called duplex or step-wise S-N property reported in the literature by, e.g. Sakai, et al. 
(2000), can also been seen for the polished martensitic samples, but not for polished banitic samples for which the 
data points corresponding to surface initiated fracture are merged with those by subsurface initiated failure. 
Furthermore, the bainitic samples were less prone to surface initiated fracture than the martensic ones. Some data 
points that are marked as “Surface” initiation for the polished bainitic samples were actually associated with near-
surface inclusions. Increasing surface roughness promotes surface crack initiation, and leads to the step-wise S-N 
curves, also for the bainitic samples. 
The S-N data of the 50CrMo4 is presented in Fig. 5 from which reduction of fatigue strength of rough-surface 
specimens can be observed. Compared to the hardened 100CrMnMoSi8 specimens, fatigue strength reduction of the 
50CrMo4 specimens due to rough surface is smaller, although the roughness level of these specimens is high (Ra > 1 
m). 
3. Modelling 
In the work published by Lai, et al. (2012), a method was developed to generate a unified description of the 
fatigue behavior of hardened steels in different regimes, i.e. LCF regime dictated by the tensile strength, HCF 
regime obeying Basquin’s law and VHCF featured by the fisheye on the fracture surface. Such a description is 
schematically illustrated by Fig. 6 which shows that S-N curve is bounded by an upper limit corresponding to tensile 
strength TS and a lower limit – fatigue limit w. 
 
 
Fig. 6. Schematic S-N curve 
Both TS and w are not material constants, but influenced by presence of defects. Such influence is dependent on 
the type and size of defects, and can be described by the following equations,  
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in which KTH is threshold stress intensity factor range for fatigue crack growth, KIC is fracture toughness, Y is 
geometry factor, a is crack size, a0 and a1 are the intrinsic crack sizes introduced (following El Haddad et al. (1979)) 
to account for the small-crack effects.  
 
 
Fig. 7. A mechanical model based on fracture mechanics. (a) Major roughness groove treated as a notch from which a crack may potentially 
grow; (b) Potential crack plane and definition of an equivalent crack considered in the model. 
 
Fig. 8. Comparison of model prediction with experiment. (a) 100CrMnMoSi8 bainite; (b) 100CrMnMoSi8 martensite; (c) 50CrMo4. 
A mechanical model based on fracture mechanics, as depicted by Fig. 7, is used to incorporate the surface 
roughness in the fatigue strength prediction. It has been demonstrated by Lai et al. (2012) that fatigue life can be 
predicted by simulating fatigue crack growth in which the small-crack effect is accounted for. An estimation of the 
stress concentration factor (Kt) of the notch representing a roughness groove in Fig. 7a can be made based on the b/d 
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in the LCF regime where failure mode is governed by the development of surface cracks. The effect of rough 
surface on the HCF due to subsurface inclusions is small, unless an inclusion is near the surface. 
The characteristics of the so-called duplex or step-wise S-N property reported in the literature by, e.g. Sakai, et al. 
(2000), can also been seen for the polished martensitic samples, but not for polished banitic samples for which the 
data points corresponding to surface initiated fracture are merged with those by subsurface initiated failure. 
Furthermore, the bainitic samples were less prone to surface initiated fracture than the martensic ones. Some data 
points that are marked as “Surface” initiation for the polished bainitic samples were actually associated with near-
surface inclusions. Increasing surface roughness promotes surface crack initiation, and leads to the step-wise S-N 
curves, also for the bainitic samples. 
The S-N data of the 50CrMo4 is presented in Fig. 5 from which reduction of fatigue strength of rough-surface 
specimens can be observed. Compared to the hardened 100CrMnMoSi8 specimens, fatigue strength reduction of the 
50CrMo4 specimens due to rough surface is smaller, although the roughness level of these specimens is high (Ra > 1 
m). 
3. Modelling 
In the work published by Lai, et al. (2012), a method was developed to generate a unified description of the 
fatigue behavior of hardened steels in different regimes, i.e. LCF regime dictated by the tensile strength, HCF 
regime obeying Basquin’s law and VHCF featured by the fisheye on the fracture surface. Such a description is 
schematically illustrated by Fig. 6 which shows that S-N curve is bounded by an upper limit corresponding to tensile 
strength TS and a lower limit – fatigue limit w. 
 
 
Fig. 6. Schematic S-N curve 
Both TS and w are not material constants, but influenced by presence of defects. Such influence is dependent on 
the type and size of defects, and can be described by the following equations,  
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
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
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in which KTH is threshold stress intensity factor range for fatigue crack growth, KIC is fracture toughness, Y is 
geometry factor, a is crack size, a0 and a1 are the intrinsic crack sizes introduced (following El Haddad et al. (1979)) 
to account for the small-crack effects.  
 
 
Fig. 7. A mechanical model based on fracture mechanics. (a) Major roughness groove treated as a notch from which a crack may potentially 
grow; (b) Potential crack plane and definition of an equivalent crack considered in the model. 
 
Fig. 8. Comparison of model prediction with experiment. (a) 100CrMnMoSi8 bainite; (b) 100CrMnMoSi8 martensite; (c) 50CrMo4. 
A mechanical model based on fracture mechanics, as depicted by Fig. 7, is used to incorporate the surface 
roughness in the fatigue strength prediction. It has been demonstrated by Lai et al. (2012) that fatigue life can be 
predicted by simulating fatigue crack growth in which the small-crack effect is accounted for. An estimation of the 
stress concentration factor (Kt) of the notch representing a roughness groove in Fig. 7a can be made based on the b/d 
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ratio.  It turns out that Kt is less than 1.2 for the surface roughness conditions considered in the present study. The 
stress concentration will affect mainly the initial stage of crack growth or crack initiation. The major effect of 
roughness groove is its contribution to an (bigger) equivalent crack of size aeq, as illustrated by Fig. 7b. Considering 
that the roughness groove d is approximately 10Ra, we have 
 inaeq aRa 10     (5) 
where ain is the initial crack size. 
Table 3. Mechanical properties and constants 
 KTH [MPam1/2] KIC [MPam1/2] HV C n 
100CrMnMoSi8 Bainite 7.7 20 700 1500 1.2 
100CrMnMoSi8 Martensite 3.5 16 780 1500 1.2 
50CrMo4 7 100 270 10,000 1.3 
The fatigue strength or life of the RBF specimens with different levels surface roughness can be predicted by 
means of the method proposed in Lai et al. (2012) and using the mechanical model outlined above. Furthermore, the 
predicted S-N curve like one depicted by Fig. 5 can be represented by the following equation: 
n
wa
TS
f CN 




 
 max     (6) 
in which Nf is number of cycle to failure, max is the maximum stress in one stress cycle, and C and n are constants 
that can be determined by fitting Eq. (6) to predicted S-N curve for polished surface. In calculation an initial surface 
crack of size ain equal to 0.25 m is considered. The geometrical factor Y is in this case chosen as 0.75. 
The tensile strength TS and fatigue limit w affected by surface roughness can be evaluated using Eqs. (1) and 
(2) in which crack size a is replaced by aeq given by Eq. (5). Fig. 8 shows comparison of model prediction using Eq. 
(6) with experimental results in terms of the S-N curves. 
4. Conclusions 
Experimental study of microstructure and surface roughness effects on fatigue strength has been conducted by 
RBF testing on a high-carbon steel 100CrMnMoSi8 hardened to bainite and martensite respectively, and a tough 
tempered medium-carbon steel 50CrMo4. The Hardened steel is more sensitive to surface roughness than the non-
hardened steel. Furthermore, the martensitic specimen is more prone to surface crack initiation than the bainitic 
specimen in both polished and rough surface condition. 
A unified model is proposed to predict the S-N property that accounts for the effects of surface roughness and 
defect sensitivity of material microstructure. Fairly good agreement between prediction and experiment is achieved. 
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